Hot rolling was conducted for Mg-6 mass%Al-2 mass%Ca alloy containing insoluble second phase particles and the mechanical properties of the rolled sheets were examined. The alloy used for rolling contained spherical particles with the size of 1.5 mm mainly in the grain boundaries. The amount of edge crack in the rolled sheets decreased at the rolling temperatures above $ 623 K. The highest strength and moderate elongation were obtained when the alloy was rolled at 623 K. The processing conditions for good workability under a given microstructure of the workpiece were considered from a viewpoint of relaxation of stress concentrations at the particle-matrix interface during rolling, and hot working diagrams were constructed. In order to attain good workability under the existence of relatively large second phase particles of 1.5 mm, it is required not only to activate the non-basal slip but also to make use of diffusional relaxation.
Introduction
Recently, there has been a significant increase in the use of magnesium alloys as a structural material because of the lightness of magnesium. Magnesium alloys are very attractive in applications for the automotive, railway and aerospace industries from the ecological point of view. Calcium is sometimes a special alloying ingredient because the addition enhances the high temperature strength and creep resistance. [1] [2] [3] [4] [5] [6] [7] [8] Very recently, the addition of calcium attracts another considerable attention as a fire retardant. For example, the addition of 5 mass% Ca to AZ91 magnesium alloy increases the ignition temperature up to $ 1100 K. 9) The temperature is higher than the typical casting temperature (973-1073 K), meaning that special safety precaution to avoid explosion and fire is not needed for the casting of MgCa alloys. Because of these advantages, magnesium alloys containing Ca are expected to be used as several structural components. 10, 11) Especially, Mg-Al-Ca system alloys are often considered because of their good castability. 12) The Mg-Al-Ca system alloys inevitably contain insoluble second phases; the Al 2 Ca (T m ¼ 1352 K where T m is the melting point of the material) and/or Mg 2 Ca (T m ¼ 987 K) phases remain in the microstructure even after annealing at high temperatures. [13] [14] [15] Whereas the second phases in MgAl-Ca alloys impart strength, 11) they also cause inhomogeneous deformation which produces stress concentration and cavitation there, which lowers the workability of the material. 16) Nevertheless, plastic forming of these alloys is desired because plastic forming enables high productivity, 17) and because the wrought alloys have higher ductility and strength than the castings. To date, for example, Yim et al. 16) have experimentally examined the effect of rolling conditions on the macroscopic defects and mechanical properties for Ca added AZ31 magnesium alloys, in which second phase particles with the size of $ 2 mm were dispersed. However, their findings cannot be applied for other magnesium alloys containing insoluble second phase particles, e.g. for alloys with different particle sizes. Therefore, in the present study, the authors tried to establish the concept to optimize the rolling conditions of these alloys.
In the present study, rolling was carried out for a Mg-AlCa alloy and the microstructures and mechanical properties of the rolled sheets were examined. Finally, a criterion for good workability (rollability), which depends on the working conditions (temperature and strain rate) and the microstructure (particle size) of the workpiece, was evaluated. The result enables optimization of rolling conditions of magnesium alloys containing second phase particles.
Experimental

Hot rolling of Mg-Al-Ca alloy
The material used in the present study was a 2 mass% Ca added AM60 (Mg-6 mass%Al-0.3 mass% Mn) alloy (hereafter, denoted as AMCa602). The material used for rolling was produced by extruding a homogenized billet into the sheet form. The experimental procedure for the extrusion has been described in Ref. 18 ).
The material for rolling was prepared by annealing the extruded AMCa602 at 673 K for 0.5 h. The optical microstructures of the AMCa602 used for rolling are shown in Figs. 1(a) and 1(b). The microstructures were those after further annealing at 673 K for 0.5 h. The second annealing corresponds to the preheating before tensile testing at elevated temperatures described in Ref. 18) , and also supposed the heating prior to rolling, though the second annealing treatment did not significantly affect the microstructure of the AMCa602 alloy. The agglomerated particles of Al 2 Ca tended to align parallel to the extrusion direction. 18) The particle size was uniform and the diameter was 1.5 mm. The second phase particles resided mainly in the grain boundaries, though some fractions of the second phase resided in the grain interiors, too ( Fig. 1(b) ).
The hot rolling was carried out by using two-high mill with 250 mm-diameter rolls. The roll surface was heated to the temperature of 383 K. The hot rolling was carried out at the preheating temperatures ranging from 523 to 673 K and at a rolling speed of 1.0 m/min. The specimens were first pre-heated for 5 min to assure through heating. Between each pass, the specimens were pre-heated for 3 min. The rolling was performed with a reduction of approximately 15% per pass to the final thickness of 0.6 mm. The total reduction was 60%. The rolled sheets were annealed at 423 K for 0.5 h under a pressure of $ 10 À3 MPa to increase the flatness of the rolled sheets. Tensile tests and texture measurement were performed after the annealing.
Hot rolling of AM60 alloy
In order to examine the effect of the existence of the second phase particles on the workability (rollability), hot rolling was also carried out on an extruded AM60 alloy. The extrusion condition was described in Ref. 18 ). The extruded sheet was annealed at 698 K for 0.5 h before rolling. The annealing condition was so determined as the grain size becomes similar to that for AMCa602 alloy after annealing at 673 K. The optical microstructure of the AM60 used for rolling is shown in Fig. 1(c) . The microstructure shown was that after further annealing at 673 K for 0.5 h. Although the second annealing at 673 K did not significantly affect the microstructure of the AM60 alloy, it supposed the heating prior to rolling. The average grain size of the AM60 alloy after annealing treatment (698 K, 0.5 h + 673 K, 0.5 h) was quite similar to that of the AMCa602 alloy after annealing treatment (673 K, 0.5 h + 673 K, 0.5 h). There were no second phase particles in the optical microstructure of the AM60. The hot rolling conditions for AM60 were the same with those adopted for AMCa602 except the rolling temperature range. The hot rolling was carried out at the preheating temperatures of 523 and 573 K. The rolled sheets were annealed at 423 K for 0.5 h under a pressure of $ 10 À3 MPa.
Tensile testing of rolled sheets
Tensile tests were carried out for AMCa602 and AM60. The tensile specimens machined from the rolled sheets had tensile axes parallel to the rolling direction. The specimens had a parallel portion length of 18 mm and a width of 6 mm.
Tensile tests at room temperature were carried out under a constant crosshead velocity of 0.54 mm/min. The strain up to 5% was measured by an extensometer with a gauge length of 12.5 mm. The yield strength (YS) (0.2% proof strength), ultimate tensile strength (UTS) and elongationto-failure (e f ) were calculated.
Texture measurement
X-ray texture analysis was performed on the rolled AMCa602 sheets by the Schultz refection method atangles ranging from 15 to 90 . The (0002) and (10 " 1 11) pole figures were measured at the mid-layer of the rolling plane for all materials.
Results
Rolled AMCa602
Appearances of the rolled sheets with the thickness of 0.6 mm processed at various temperatures are shown in Fig. 2 . Many edge cracks were observed when the materials were rolled at temperatures below 573 K. In addition, surface finish was poor (possibly a sign of surface cracking) for material rolled at 523 K. The amount of edge crack decreased when the material was rolled at 623 K. Though there were no edge cracks in the material rolled at 673 K, the edges were slightly rough.
After the hot rolling, equiaxed grains were observed for all materials, indicating that recrystallization took place during rolling. The variation in grain size after hot rolling as a function of rolling temperature is shown in Fig. 3 . The minimum grain size of 10 mm was obtained at the rolling temperature of 523 K. The grain size increased with increasing rolling temperature. The data for AM60 and Mg- 3 mass%-1 mass%Zn (AZ31) magnesium alloys [19] [20] [21] were also included in Fig. 3 . The grain sizes of AMCa602 after rolling were comparable to the AM60 and AZ31 in spite of the different chemical composition. The size of the second phase particle in the present materials was unchanged during rolling.
The (0002) and (10 " 1 11) pole figures of the AMCa602 sheet rolled at 623 K are shown in Fig. 4 . Similar pole figures were observed for materials rolled at 573 and 673 K. It is evident from Fig. 4 (a) that the majority of basal plane oriented parallel to the rolling direction as has been typically observed in rolled pure magnesium.
22) The distribution of (10 " 1 11) plane was not completely random around the normal direction of the sheets. The slight strong contribution from f0001gh11 " 2 20i component was shown from Fig. 4 (b) as well as conventional results, 22) though the f0001gh10 " 1 10i component was also deduced.
In many engineering alloys containing particles of diameter greater than approximately 1 mm, nucleation of recrystallization occurs by particle stimulated mechanism. 23) In such a case, the final recrystallization texture is generally weak. For the present material, despite the existence of large particles, typical basal texture was observed irrespective of the rolling temperatures, indicating that recrystallization mechanism of the present alloy is similar to that for magnesium alloys without large particles such as AZ31.
Room temperature tensile properties of AMCa602 sheets rolled at various temperatures are shown in Fig. 5 . The strength depended on the rolling temperature; the maximum strength was obtained at 623 K for both yield strength and tensile strength. The yield strength of the material rolled at 573 K was lower than that of the material rolled at 623 K in spite of the finer grain size. This is contrast to the conventional behavior under similar texture, in which the strength of the material obeys the Hall-Petch relation.
Elongation-to-failure of rolled AMCa602 tended to increase with increasing rolling temperature. In general, tensile elongation of magnesium alloys increases with decreasing grain size. 24) However, the elongation did not decrease in spite of the grain coarsening.
Tensile properties of rolled AZ31 19, 20) are also included in Fig. 5 . The yield strength of the rolled AZ31 decreases with increasing rolling temperature and the elongation tends to increase with decreasing rolling temperature depending on the grain size (Fig. 3) . The tendency of AZ31 is in contrast to that of AMCa602. The unusual grain size dependences on the strength and elongation of the present AMCa602 alloy would be associated with the existence of relatively large particles; microcavities introduced during rolling are assumed to be the origin of the decrease in the strength and elongation of the sheet rolled at 573 K. The result on AM60 in Fig. 5 are described in the next section. 
Rolled AM60
Appearances of the AM60 sheets rolled at 523 and 573 K are shown in Fig. 6 . Though several edge cracks were observed when the material was rolled at 523 K, there were no edge cracks in the material rolled at 573 K in contrast to AMCa602 alloy. It was demonstrated that the rolling can be conducted, at least, at above 573 K in the absence of the large second phase particles.
Room temperature tensile properties of rolled AM60 are shown in Fig. 5 . The yield strength of AM60 rolled at 523 K was slightly higher than at 573 K probably owing to the finer grain size after rolling. The ductility is low in the material rolled at 523 K, but greatly enhanced at 573 K. The ultimate tensile strength increased with increasing rolling temperature owing to the enhancement of the ductility. A peculiarity common to the two materials of AM60 and AMCa602 is that the ductility is low when the many edge cracks exist in the rolled sheets.
In magnesium, the critical resolved shear stress for the non-basal slip is much higher than that for the basal slip near the room temperature. However, the difference reduces at elevated temperatures. 25) The schematic illustration of the variation of workability with temperature for AM60 is shown in Fig. 7 . The first enhancement in workability of the AM60 (arrow A1) would be associated with the activation of nonbasal slip. 16) The temperature above which the rolling can be conducted without the formation of macroscopic defects for AM60 was lower than that for AMCa602. This fact indicates that the existence of the second phase particles certainly reduces the workability of the AMCa602 and that activation of non-basal slip is not enough for the good workability contrary to the conclusion by Yim et al.
16)
Discussion
The process of high temperature fracture can be considered to be made up of two components, cavity formation and cavity growth. Since the cavity growth has little effect for the case of the plastic deformation at high strain rates such as metalworking, it is important to suppress the cavity formation. The cavity formation can be suppressed in a number of ways:
26) (i) remove the inclusions by purification or dissolve the second phase particles by subjecting the workpiece to a solid solution treatment prior to hot working, (ii) increase the strength of the second phase when the fracture occurs in the inclusion, (iii) relax the local stress concentration at the particle-matrix interface by the assist of the diffusional relaxation and (iv) alter the stress state so as to increase the hydrostatic stress component.
With regard to (i), solid solution treatment cannot be applied for Mg-Al-Ca alloys because the Al 2 Ca and/or Mg 2 Ca phases inevitably remain even after high temperature annealing. Also, it is difficult to apply the case (iv) for a given process, e.g., rolling.
It was demonstrated that the existence of the particles affects the workability, indicating that the inhomogeneous deformation produced stress concentration at the particle. If the local stress becomes so large that it exceeds either the 19, 20) fracture strength of the particle or the strength of the particlematrix interface, then a cavity is formed at the particle. Here, our interest centers not on the fracture of the second phase (case (ii)) but on the fracture at the particle-matrix interface (case (iii)) since that is where the cavities are seen to initiate. 16) 4.1 Effect of diffusional relaxation at the particle-matrix interface It is expected that the stress concentrations at the particle can be relieved by diffusive transport along the particlematrix interface at high temperatures. In this section, the criterion for diffusional relaxation is considered in terms of the particle size and working temperature.
Major process variables, which control the workability, are strain, strain rate and temperature. For the optimization of the rolling process, temperature is the most important parameter because the variations in strain and strain rate are in the relatively narrow range for set of rolling conditions. In this situation, in order to suppress the cavity formation at the interface, it is required to make the most of diffusional relaxation through the optimization of working temperature. This causes the workability to become strain rate sensitive.
If diffusion can relax stress concentrations at the particlematrix interface, the initiation of cavities should be prevented and the workability should be enhanced. 27) When the rate of straining is such that the rate of build of stress concentration is slower than the rate at which diffusion relaxes the stress concentration, then the stress concentration will not occur. The Needleman-Rice (N-R) parameter Ã provides an appropriate diffusion length over which stress concentrations are relaxed rapidly, 28) and it may be used to determine the critical size below which particles are not likely to nucleate cavities. 29) It is assumed that grain boundary diffusion controlled process and lattice diffusion controlled process are operating for the relaxation, and they are independent of the diffusion process of the matrix for flow. The NeedlemanRice parameters for these relaxation processes are given by 28, 29) 
where is the atomic volume, is the grain boundary width, D gb (¼ D 0gb expðÀQ gb =RTÞ) is the grain boundary diffusion coefficient, D 0gb is the pre-exponential factor for grain boundary diffusion, Q gb is the activation energy for grain boundary diffusion, ' is the flow stress, k is Boltzmann's constant, T is the absolute temperature, _ " " is the strain rate, D L (¼ D 0L expðÀQ L =RTÞ) is the lattice diffusion coefficient, D 0L is the pre-exponential factor for lattice diffusion and Q L is the activation energy for lattice diffusion. The Ã gb -and Ã L -values can be used to calculate the critical sizes for intergranular and intragranular particles, respectively. From the industrial point of view, the equations of (1) and (2) are useful to determine the working temperature, above which rolling can be conducted successfully under given microstructure (particle size) and rolling speed. On the other hand, under the fixed rolling conditions of temperature and rolling speed, the equations are useful to design the microstructure of the workpiece, i.e., to predict the particle size required for the good workability.
To calculate Ã-values, stress-strain rate relations during rolling for the present material need to be understood at various temperatures. The strain rate for rolling is approximated by 30) _ "
where _ " " " " " " is the average strain rate, H 0 and H 1 are the thickness of the sheet at the entrance and at the exit, respectively, V R is the roll surface velocity and R is the roll radius. Under the conditions of V R ¼ 1:0 m/min and R ¼ 125 mm, the strain rate for the rolling adopted in the present study is calculated to be ranging from 0.9 to 1.5 s À1 , because, for equal percentage reduction, thin sheet undergoes much greater strain rates than thick one.
The flow stress during rolling was estimated from tensile testing. The constitutive equation for high temperature deformation in the extruded AMCa602 followed by annealing has been determined to be 18) 
where b is the Burgers vector, and the D p , D L and G for AMCa602 were taken to be that for pure magnesium.
31) The constitutive equation is applicable at stress level of, at least, '=G 9:8 Â 10
À3 . The variation in flow stress with temperature at the strain rate for rolling ( _ " " % 1 s À1 ) was predicted from eq. (4) and the result is shown in Fig. 8 . The flow stress at a strain rate of 1 s À1 was predicted to be 146, 109 and 82 MPa at 573, 623 and 673 K, respectively. The results at high strain rates in Fig. 8 are explained in section 4.3. Now, we can calculate the Ã-values, or critical particle sizes, below which the particles are not likely to nucleate cavities and thus the workability enhances, supposing that the change in flow stress during rolling is negligible. The constitutive equation for high temperature deformation of the present alloy (eq. (4)) was developed at a fixed true strain of 0.1, though the flow stress during straining depends on the strain. In fact, true stress-true strain curves of the present alloy exhibited a region of strain hardening followed either by a region of almost steady state or by a region where gradual strain softening occurs prior to failure at all deformation conditions examined. Nevertheless, the change in flow stress during straining, or rolling would not affect the Ã-values of the present alloy because of the following argument. The hot rolling of the present alloy was performed with a reduction of approximately 15% per pass. True stress-true strain curves of the present alloy exhibited strain hardening at least up to a true strain of 0.2 at all deformation conditions examined. The increase in flow stress was 7-18% in the true strain range between 0.02 (initial stage of plastic deformation) and 0.1, and 2-10% in the true strain range between 0.1 and 0.15 (= nominal strain of 16%) under all deformation conditions examined. The change in Ã-values arising from the increase in flow stress during straining is calculated to be 9% and 6% for Ã gb and Ã L , respectively, even if the maximum change in flow stress of 18% was taken into account. The strain hardening caused by the rolling with a reduction of 15% has probably been recovered to a large extent by reheating between each pass, though the total reduction was 60% in the present study. Therefore, the consideration of the change in flow stress up to a true strain of 0.15 is sufficient in estimating the flow stress during rolling. Another instance of the minor difference in flow stress during rolling is that the flow stress (true strain = 0.1) of extruded material followed by annealing at 673 K deformed at a temperature of 673 K and at a strain rate of 10 À2 s À1 was quite similar to that after rolling (37 MPa vs. 34 MPa).
For the present AMCa602 alloy used for rolling, the second phase particles resided mainly in the grain boundaries. Therefore, we consider the case for grain boundary diffusion controlled process for the most part.
The Ã is assumed to be some fraction of the critical particle size, i.e., the critical particle size can be described by K Á Ã, where K is a constant. First, the appropriate K-value was estimated. The variation in K (¼ d p =Ã gb ) at a strain rate of 1 s À1 as a function of working temperature is shown in Fig. 9 for grain boundary diffusion controlled process. The particle size, d p , was taken to be 1.5 mm so that the diffusion can relax the stress concentrations at the particle of 1.5 mm in size. For example, the temperature above which cavities will not be nucleated is calculated to be 645, 588 and 533 K in the case of K ¼ 2, 3 and 5, respectively, for magnesium alloys containing intergranular particles with the diameter of 1.5 mm. Since the workability of the present material experimentally enhanced at temperatures above between 623 and 673 K (the shaded area in Fig. 9 ), the prediction of critical particle size agrees well with the experimental results when the K-value was taken to be 2 AE 0:3. The critical particle size may be underestimated when the K-value is estimated to be unity.
The variation in K Á Ã gb at a strain rate of 1 s À1 as a function of working temperature is shown in Fig. 10 for grain boundary diffusion controlled process, where K was taken to be 2. The K Á Ã gb -value corresponds to the critical particle size, below which the particles are not likely to nucleate cavities and thus the workability enhances. In order to conduct rolling at lower temperature, it is apparent from Fig. 10 that the material containing smaller particles should be prepared before rolling. For example, when the intergranular particle size reduces to 0.9 mm, it is expected that the hot rolling can be conducted even at a temperature of $ 573 K, below which edge cracking occurs even in AM60. Further refinement of particle size, e.g., less than 0.5 mm, would not be practically useful as far as the rollability is the interest.
In order to modify the microstructure (particle size) of the workpiece for rolling, two routes are conceivable. One is the modification of the cast microstructure. The cooling rate during solidification may influence the resulting morphology of the second phase in AMCa602. For example, the morphology of the second phase depends on the cooling rate in Mg-Y-Zn alloy.
32) The extreme example is the microstructure observed in the rapidly solidified (RS) powder. The Al 2 Ca phase does not form any longer in the RS powder.
2)
The other is the optimization of the extrusion process before Fig. 9 The variation in K (¼ d p =Ã gb ) at a strain rate of 1 s À1 as a function of working temperature for magnesium alloys containing insoluble particles. Fig. 10 The variation in K Á Ã at a strain rate of 1 s À1 as a function of working temperature for magnesium alloys containing insoluble particles.
Optimization of Rolling Conditions in Mg-Al-Ca Alloyrolling. The particle size in the extruded material may be controlled through die design by using computer simulation. For example, the optimum extrusion die geometry has been examined for magnesium alloys by a finite-controlled volume method through the analysis of the strain distribution during extrusion. 33) Figure 10 also includes the relation for 2Ã L as a critical intragranular particle size, though the applicability could not be verified experimentally in the present study. Since 2Ã L is far smaller than 2Ã gb under a given temperature, it is apparent that the second phase particles need to exist mainly in the grain boundaries in order to prevent cavity formation at the intragranular particles.
The variation of workability with temperature for AMCa602 is schematically shown in Fig. 7 . Though the activation of non-basal slip would contribute to enhance the workability of AMCa602 (arrow A2), it is still insufficient to conduct rolling successfully. However, the workability could be further enhanced at higher temperatures with the aid of diffusional relaxation (arrow B1). The enhancement would occur at lower temperatures (arrow B2) with decreasing particle size (arrow C).
Effect of particle size distribution on workability
The second phase particle size was uniform in the present material used for rolling. However, alloys with particles often contain a distribution of particle size. When the material has particle size distribution, the temperature for good workability may be determined by the larger particles since those are where the cavities initiate. For example, when the material contains the intergranular particles with the size of 2 mm, the rolling temperature will increase to $ 693 K as is expected from Fig. 10 . Therefore, the control of the particle size distribution is also important.
Hot-working diagrams under various strain rates
The criterion for good workability in the relationship between temperature and microstructure (particle size) obtained in 4.1 can be extended to construct hot-working diagrams which specify the working temperature which should be exceeded in order to prevent cavitation for the case that the existence of particles affects the workability. The rolling speed, or strain rate adopted in the present study ( _ " " % 1 s À1 ) would be the lower limit from the viewpoint of productivity. Therefore, the hot working diagrams at higher strain rates were also constructed in this section. The flow stress at strain rates of 3 and 10 s À1 used to calculate the critical particle sizes was estimated from eq. (4). The variation in flow stress as a function of temperature at strain rates of 3 and 10 s À1 is shown in Fig. 8 . The flow stress at low temperatures and at high strain rates becomes '=G > 1 Â 10 À2 . Indeed the flow stress at '=G > 1 Â 10 À2 is unreliable because of the uncertainty of the application of eq. (4), but the present extrapolation would be valid because it appears that the power law creep dominates the deformation below 10 2 s À1 in magnesium alloys. [34] [35] [36] The hot working diagrams in the relationship between particle size and working temperature are shown in Fig. 11 for strain rates of (a) 3 s À1 and (b) 10 s À1 assuming K ¼ 2. The 2Ã L -values remain far smaller than the 2Ã gb -values even at high strain rates. At a moderate strain rate of 3 s À1 , the rolling temperature will increase to 695 K when the intergranular particle size remains intact (1.5 mm). However, the reduction of the particle size down to 1 mm lowers the rolling temperature by $ 70 K (695 vs. 628 K). Therefore, in order to conduct hot rolling at the moderate rolling speed, the intergranular particle size must be refined to be less than 1 mm. Furthermore, when the intergranular particle size reduces to 0.7 mm, then the rolling can be conducted at 623 K even at a high strain rate of 10 s À1 . Even in this case, if many second phase particles are also located in the grain interior, it is impossible to prevent cavity formation at the intragranular particles as far as the intragranular particle size is larger than $ 15 nm.
Summary
Hot rolling was conducted on Mg-6 mass%Al-2 mass%Ca alloy containing insoluble second phase particles. Before rolling, the material contained the spherical particles of the diameter of 1.5 mm mainly in the grain boundaries. The workability (rollability) was evaluated from the viewpoint Fig. 11 The criterion for good workability in the relationship between particle size and working temperature at strain rates of (a) 3 s À1 and (b) 10 s À1 .
of relaxation of stress concentrations at the particle-matrix interface.
(1) The hot rolling was conducted with a reduction of approximately 15% per pass to the total reduction of 60%. The strain rate for rolling was approximately 1 s À1 . The amount of edge crack decreased when the material was rolled at above $ 623 K. It was suggested that the existence of the particles affects the workability of the present alloy. (2) Tensile tests of rolled sheets at room temperature revealed that the highest strength and moderate elongation were obtained when the material was rolled at 623 K. The yield strength, tensile strength and elongation-to-failure of the material rolled at 623 K were 237 MPa, 288 MPa and 5%, respectively. (3) After the hot rolling, equiaxed grains were observed. The grain size decreased with decreasing rolling temperature. The texture components developed after rolling were estimated to be f0001gh11 " 2 20i and f0001gh10 " 1 10i irrespective of rolling temperatures. (4) The criterion for good workability was considered in terms of the particle size and working temperature. The experimental results (workability) have been compared with the prediction of the critical particle size, below which the particles are not likely to nucleate cavities and thus the workability enhances, and good agreement was obtained when the critical particle size was taken to be two times the Needleman-Rice parameter. (5) Hot-working diagrams, which predict the working condition or suitable microstructure (particle size) for good workability, were constructed for several strain rates. According to the diagrams, for example, to perform rolling at 628 K at a rolling strain rate of 3 s À1 , it was predicted that the second phase particles in the workpiece must be refined to be less than 1 mm and must reside in the grain boundaries before rolling.
